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Introduction
, bAPs decrementally back-propagate into 82 dendrites, providing sufficient depolarization to open voltage-dependent Ca 2+ channels at 83 synapses in the proximal portion of the SPN dendritic tree (Carter and Sabatini, 2004; Day et 84 al., 2008) . When paired with trailing synaptic stimulation, repetition of short bAP bursts at theta 85 frequencies induces LTD in SPNs (Shen et al., 2008) . This spike-timing-dependent plasticity 86 (STDP)-LTD has all the pharmacological properties of conventional HFS-LTD, suggesting the 87 underlying mechanisms are the same (Lovinger et al., 2003; Kreitzer and Malenka, 2008; Shen 88 et al., 2008; Surmeier et al., 2009) . 89
In pyramidal neurons, opening of voltage-dependent Ca 2+ channels is thought to facilitate 90
STDP-LTD induction by increasing mGluR-stimulation of phospholipase C (PLC) (Nevian and 91
Sakmann, 2006). However, it also is possible that by increasing cytosolic inositol trisphosphate 92 (IP3) or activating src kinase, mGluRs promote Ca were measured using Fluo-4 as previously described (Day et al., 157 2008) . Ca 2+ transients were expressed as a ratio of green/red (G/R) fluorescence. As this 158 measure is sensitive to photomultiplier tube settings, only data collected under identical settings 159 were compared. In some instances, where drugs were locally puffed, transients are expressed 160 as ∆F/Fo. This is because the puffer solution contained Alexa 568, to confirm the local 161 application of drug, and thus altered the red fluorescence channel. Locally puffing drugs had 162 two benefits: 1) Alterations of the somatic waveform and bAP propagation to the dendritic point 163 of measurement were minimal and 2) before and after Ca 2+ measurements could be performed 164 simultaneously with Ca 2+ imaging using a Chameleon-XR laser system (Coherent Laser Group, 177 Biosystems). A correction was performed using a passive reference dye (Rox) present in the 225 PCR master mix. Reactions with any evidence of nonspecificity (i.e. low melting temperatures or 226 multiple peaks in melting point analysis) were excluded from the analysis. A relative 227 quantification method (ΔΔCT method) was used to quantify differences in gene expression level. 228
To increase accuracy of gene expression analysis, a panel of reference genes (Atp5b, Cyc1, 229
Gapdh, H2afz, Hmbs, Uchl1) was included. Weighted CTs based on the stability of each 230 reference gene were calculated. Experiments for each gene of interest were run in triplicate. 231
Desalted primers were custom synthesized (Invitrogen) and intron-spanning whenever possible. 232
No-template and no-reverse-transcriptase control assays produced negligible signals, 233
suggesting that primer dimer formation and genomic DNA contamination effects were small. 234
The mRNA levels in each subgroup of samples were characterized by their median values. 235
Results were presented as fold differences between cell types. 236
Results

243
CICR contributes to bAP induced Ca
2+ transients 244
Recent work has pointed to the involvement of ryanodine receptors (RyRs) and CICR in 245 corticostriatal LTD induction (Lerner and Kreitzer, 2012) , but whether or not APs engage 246 dendritically localized RYRs (Martone et al., 1997; Verkhratsky, 2002) , where LTD induction 247 occurs, is unknown. To answer this question, SPNs were studied in brain slices using patch 248 clamp techniques and 2PLSM Ca 2+ imaging. SPNs were identified in slices from transgenic mice 249 expressing enhanced green fluorescent protein (eGFP) under control of either the D 1 dopamine 250 receptor promoter (for dSPNs) or the D 2 dopamine receptor promoter (for iSPNs) (Fig. 1a) . Ca smaller fluorescent signals as they propagate from the soma, a relatively high concentration of 258 Fluo-4 (200 µM) was used to ensure reliable detection of Ca 2+ in distal dendrites (Fig. 1b) , with 259 minimal affects on decay kinetics (Fig. 1c) . This protocol induced dendritic Ca (Fig. 1d) . The Ca 2+ 262 transients rose rapidly but decayed slowly (rise tau = 24.9 ± 3.2 ms; decay tau = 192.5 ± 22.7 263 ms; 11 spines), leading to summation of intracellular Ca 2+ when bAP bursts were separated by 264
msec. 265
In the presence of a high concentration (75 µM) of ryanodine in the patch pipette toantagonize RYRs, the theta burst train generated significantly smaller Ca 2+ transients in proximal 267 spines of both SPN populations (Fig. 1e-f, Fig. 2a ). Ryanodine had no discernible effect on the 268 somatic AP waveform, suggesting that the effect was mediated by an action at the spine (Fig.  269 1e-f). Ryanodine also reduced bAP-induced Ca 2+ transients in distal dendritic spines of iSPNs, 270 but not dSPNs (Fig. 1e-f, Fig. 2a ). The lack of ryanodine action in distal dSPN spines was not 271 due to the higher concentration of Ca 2+ indicator used. Rather, it is likely attributable to the 272 more rapid attenuation of bAP amplitude in dSPN dendrites (Day et al., 2008) , although 273 differential RYR subunit expression can not be ruled out (see Fig. 3 
below). RYR-mediated 274
CICR required repetitive activity, as it was not evoked in iSPN dendritic spines by a single bAP 275 (Fig. 2b) . The higher Ca 2+ indicator concentration used to enhance signal detection did not 276
interfere with the processes examined here, as the effect of ryanodine was robustly observed 277 using a lower Fluo-4 concentration (Fig. 2c) . 278
Group I mGluR activation enhances bAP-induced dendritic Ca
2+ transients 279
In hippocampal pyramidal neurons, bAP-induced dendritic CICR is enhanced by activation 280 of group I mGluRs (Nakamura et al., 1999; 2000) . To determine whether similar mechanisms 281 are engaged by SPNs, the group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG; 50 282 µM) was rapidly applied to distal SPN dendrites with a puffer pipette, while measuring basal 283 dendritic Ca 2+ concentration. In the absence of somatic APs, DHPG had no detectable effect on 284 intraspine Ca 2+ concentration in either type of SPN, regardless of holding potential (Fig. 3a) . In 285 contrast, bath application of DHPG significantly increased both the proximal and distal iSPN 286 intraspine Ca 2+ signal evoked by a theta burst bAP train (Fig. 3b,c) . In dSPNs, DHPG only 287 significantly enhanced the bAP Ca 2+ signal in distal dendrites (Fig. 3c) . As with ryanodine, DHPG 288 had no discernible effect on somatic APs (data not shown), suggesting that the effect wasready imaging of dendrites. However, this reliance raises the possibility that the phenomenon is 291 developmentally regulated, as these mice have not fully matured (Tepper et al., 1998; Uryu et 292 al., 1999; Plotkin et al., 2005) . To test this possibility, the effect of DHPG was examined in ex 293 vivo slices from 2 month old mice. The effect at this age was the same as that seen in the 294 younger neurons (Fig. 3d) , suggesting that CICR was not just a feature of immature SPNs. 295
To better understand the differences between dSPNs and iSPNs in the response to 296 DHPG, qPCR approaches were used to characterize the expression of CICR related genes. 297
SPNs were separated using fluorescence-activated cell sorting (FACS) of cells acutely 298 dissociated from brain slices taken from D 1 and D 2 receptor labeled BAC transgenic mice. The 299 relative abundance of mRNAs encoding mGluR1 and mGluR5, as well as those encoding 300 RYR2, RYR3, Cav1.2 and Cav2.3, was higher in iSPNs than dSPNs (Fig. 3e) . Expression of 301 mRNA for IP3 receptors (IP3Rs) and Homer 1 and 3 proteins was similar in the two SPN types 302 (Fig. 3e ). These differences in gene expression provide a potential explanation for the more 303 robust CICR in iSPNs and the ability of mGluR activation to enhance this response. 304
As expected, dialysis with ryanodine (75 µM) blocked the enhancement of CICR by DHPG 305 (Fig. 4a) . Dialysis with the IP3R antagonist xestospongin C (5 µM) also blocked the DHPG 306 effect (Fig. 4b) . Recent work has suggested that mGluR activation of src kinase promotes 307 RYR-dependent CICR in the induction of corticostriatal LTD (Lerner and Kreitzer, 2012) . To test 308 this hypothesis, the effect of DHPG on bAP evoked Ca 2+ transients was examined in the 309 presence of the src inhibitor PP-2 (10 µM in bath). Indeed, PP-2 completely blocked the 310 DHPG-induced enhancement of bAP-evoked Ca 2+ transients (Fig. 4c) . Though group I mGluR 311 activation enhances SPN dendritic CICR via both IP3Rs and RYRs, enhanced RYR 312 engagement may be sufficient for LTD induced by high frequency stimulation inductionHFS-induced LTD in iSPNs (3 X 3 s 100 Hz trains of activity; depression = 64.5 ± 11.6% in 315 control vs 62.9 ± 7.6% in 5 µM xestospongin C; n=4). 316 DHPG also slowed the decay of intraspine Ca 2+ concentration following the bAP-evoked 317 transient in iSPNs, but not dSPNs (Fig. 4d) . Because the effects of mGluR stimulation were 318 most robust in iSPNs, subsequent studies focused on them. The decay kinetics reflect a variety 319 of processes, including diffusion and intracellular sequestration, but plasma membrane Ca (Canitano et al., 2002) . Profiling SPNs using qPCR revealed that mRNAs for 323 NCX1-3 were all detectable, with NCX1 being the most abundant in iSPNs (Fig. 4e) . In 324 agreement with the inferred role of NCXs, the NCX antagonist SN-6 (10 µM) slowed the decay 325 of the bAP-evoked Ca 2+ transient, much like the slowing produced by DHPG (Fig. 4f) . 326
Antagonizing NCX pumps with SN-6 diminished but did not fully occlude the DHPG effect on the 327 Ca 2+ decay kinetics (Fig. 4g,h ), suggesting that the effects of mGluR stimulation might be 328 mediated in part by modulating NCX pumps. How mGluR signaling might be affecting NCX 329 kinetics and Ca 2+ clearance is unclear. NCX has been shown to be modulated by signaling 330 through G q -linked G-protein coupled receptors (GPCRs), like group I mGluRs (Annunziato et al., 331 2004; Katanosaka et al., 2005) . However, inhibition of the obvious intermediaries (protein kinase 332 C, phospholipase A2, or membrane phosphatidylinositol 4,5-bisphosphate -see Materials and 333 Methods) had no effect on the DHPG-induced slowing of decay kinetics (Table 1) . Another 334 possibility is that there is a direct interaction between NCX and mGluRs (Kim et al., 2007) However, unlike the effect of DHPG, the response to the first burst of APs was enhanced the 365 most, diminishing with repetition ( Fig. 5f,g ). These results are not consistent with the 366 proposition that mGluRs positively modulate Cav1.3 channel opening. Rather, these results 367 suggest that mGluRs enhance CICR, which is triggered by repetitive opening of Cav1.3 368
channels. 369
Although mGluR-mediated enhancement of CICR is dependent upon Cav1.3 Ca but did not fully eliminate the effect of ryanodine distal iSPN dendritic spines (Fig. 5h) . The 374 effects of ryanodine on CICR were significant in the presence of BPN 4689, even at depolarized 375 membrane potentials where Cav3 channels should be largely inactivated (Fig. 5h) , suggesting 376 that Cav1.2 and/or Cav2.3 Ca 2+ channels also were capable of promoting CICR in response to 377 bAP bursts (Carter and Sabatini, 2004; Plotkin et al., 2011) . 378
In the experiments described thus far, mGluRs were stimulated by bath application of 379 DHPG. To determine whether precisely timed transient activation of mGluRs would engage the 380 same CICR-mediated pathways, glutamate was uncaged at distal iSPN dendritic spines 10 ms 381 after each bAP burst in a train ( Fig. 6a-c) . The intensity of the uncaging laser pulse was 382 adjusted 1) to produce an uncaging EPSP (uEPSP) that was similar in amplitude to 383 spontaneously occurring EPSPs, and 2) to produce a dendritic Ca 2+ transient that was restricted 384 to the targeted spine (Fig. 6a-c ryanodine and xestospongin C (Fig. 6d) . Somatic EPSP amplitudes were unaffected by 389 antagonizing mGluRs or disrupting CICR (data not shown). Normalization revealed that post-pre 390 pairing led to a progressive enhancement of the bAP-evoked Ca CPCCOEt and by the combination of ryanodine and xestospongin C (Fig. 6e) . 393
As both LTD and LTP depend upon an elevation in post-synaptic Ca to induce STDP LTP (Shen et al., 2008) . Surprisingly, antagonizing group I mGluRs had no 398 effect on the magnitude of LTP (Fig. 6f) . Examination of postsynaptic spine Ca (Fig. 6g ). Antagonizing NMDARs with AP-5 eliminated the 405 supralinearity (Fig. 6g) . These results suggest that Ca (Fig. 7a) -so-called CICR (Armisén et al., 1996; Berridge, 1998; Verkhratsky, 2002) . Our finding that 437 both iSPNs and dSPNs express mRNA for all three RYRs (RYR1-3) and previous work showing 438 RYR protein in SPN dendritic spines (Martone et al., 1997; Verkhratsky, 2002) buttress the 439
conclusion. 440
Somatic CICR in neurons is well documented (Lipscombe et al., 1988; Alford et al., 1993; handful of examples of dendritic CICR (Emptage et al., 1999; Nakamura et al., 1999; 2000; 444 Rose and Konnerth, 2001; Carter et al., 2002; Goussakov et al., 2010) . In our experiments, 445 bAPs evoked CICR in the proximal dendritic spines of both iSPNs and dSPNs; bAPs did not 446 evoke CICR in distal dendrites of dSPNs, in contrast to iSPNs. Although this difference could be 447 attributable in part to the more robust expression of mGluR1/5s or RYR2/3s in iSPNs, it also 448 could be due to the relatively poor invasion of distal dendrites by bAPs in dSPNs (in comparison 449 to iSPNs) (Day et al., 2008) . This feature of dSPNs would limit bAP opening of 450 voltage-dependent Ca and non-Cav1 channels. This lack of specificity is similar to that found in hippocampal pyramidal 457 neurons (Nakamura et al., 2000) and dis-similar to that reported in other cell types where Cav1 458 channels play a dominant role (Chavis et al., 1996; Dulhunty et al., 2002) . This promiscuous 459 coupling should allow CICR to be engaged in both up-states, where depolarization evoked Ca The coordinated facilitation of CICR by mGluR signaling was most prominent in distal 487 dendrites (>100 µm from the soma). The most likely explanation for this regional difference is a 488 'ceiling' effect. In SPN dendrites, bAPs decrementally propagate, leading to progressively 489 weaker activation of voltage-dependent Ca 
CICR was necessary for STDP-LTD induction 506
Our studies show that like HFS LTD (Lerner and Kreitzer, 2012), STDP-LTD also 507 depended upon CICR in SPNs, establishing another mechanistic link between the two induction 508 protocols. Previous work (Lerner and Kreitzer, 2012 ) also demonstrated that the mGluR effect 509 on LTD induction was dependent upon src kinase. Again, our results are in agreement and 510 extend them by showing that this dependence is likely to be mediated by regulation of RYRs, 511 whose Ca 2+ sensitivity is increased by src kinase phosphorylation (Zhang et al., 2004) . Our 512 studies also provide a partial explanation for the long-standing observation that while 513 corticostriatal LTD can be induced at glutamatergic synapses onto both SPN populations (Wang 514 et al., 2006; Shen et al., 2008) , it is more readily inducible in iSPNs (Kreitzer and Malenka,2007) . Clearly, CICR and its enhancement by mGluRs was more robust in iSPNs than dSPNs. 516
The involvement of CICR in LTD induction creates a reliance upon activity in the recent past, as 517 intracellular Ca 2+ stores are 'leaky integrators' of past activity (Berridge, 1998) . This dependence 518 could be homeostatic, helping to ensure that quiescent SPNs do not undergo changes in 519 synaptic strength that could further lower their activity below a set point. 520
Our studies also provide insight into the roles of timing and repetition in the induction of 521 . This is certainly the case in 533
HFS protocols. 534
This also implies that neuromodulators that regulate SPN NMDARs could shape the timing 535 dependence of STDP. D 2 dopamine receptors, for example, are likely to promote LTD not only 536 through intracellular signaling cascades that enhance eCB synthesis (Lovinger, 2010; Lerner 537 and Kreitzer, 2012) , but also by suppressing Ca 2+ entry through NMDARs (Higley and Sabatini,as might GABAergic signaling (Calabresi et al., 1998; 1999; Wang et al., 2006; Fino et al., 540 2010) . These factors could contribute to discrepancies in the literature about the timing 541 dependence of STDP-LTD (Pawlak and Kerr, 2008; Shen et al., 2008; Fino et al., 2010; 542 Shindou et al., 2011) . Unraveling these factors will require experimental models in which the 543 timing of neuromodulatory and GABAergic input to SPNs is tightly controlled, something that is 544 now achievable with optogenetic approaches. 545
Summary 546
Our results show that CICR is a significant component of dendritic integration in SPNs, 547 and critical to corticostriatal STDP-LTD induction. In particular, our studies elucidate the 548 relationship between two obligatory participants in the most common form of corticostriatal LTD: 549 group I mGluRs and Cav1.3 L-type voltage-dependent Ca 2+ channels (Lovinger, 2010) . 550 
Activation of group I mGluRs sensitized IP3Rs and RYRs to Ca
